Sensitive detection of low-abundance proteins in complex biological samples has typically been achieved by immunoassays that use antibodies specific to target proteins; however, de novo development of antibodies is associated with high costs, long development lead times, and high failure rates. To address these challenges, we developed an antibody-free strategy that involves PRISM (high-pressure, high-resolution separations coupled with intelligent selection and multiplexing) for sensitive selected reaction monitoring (SRM)-based targeted protein quantification. The strategy capitalizes on high-resolution reversed-phase liquid chromatographic separations for analyte enrichment, intelligent selection of target fractions via on-line SRM monitoring of internal standards, and fraction multiplexing before nano-liquid chromatography-SRM quantification. Application of this strategy to human plasma/serum demonstrated accurate and reproducible quantification of proteins at concentrations in the 50-100 pg/mL range, which represents a major advance in the sensitivity of targeted protein quantification without the need for specific-affinity reagents. Application to a set of clinical serum samples illustrated an excellent correlation between the results obtained from the PRISM-SRM assay and those from clinical immunoassay for the prostate-specific antigen level.
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biomarker verification | systems biology | targeted proteomics S elected reaction monitoring (SRM), also known as multiple reaction monitoring (MRM), has recently emerged as a promising technology (1-16) for high-throughput mass spectrometry (MS)-based quantification of targeted proteins in biological and clinical specimens (e.g., tumor tissues). SRM has demonstrated relatively good selectivity, reproducibility (or precision), and sensitivity for a range of multiplexed protein assays (2, 4-8, 11, 17, 18) and has potential for quantifying protein isoforms (19) and posttranslational modifications (PTMs) (3, (20) (21) (22) for which good quality antibodies often do not exist. Nevertheless, a major limitation of current SRM technology is insufficient sensitivity for detecting low-abundance proteins present at sub-nanogram per milliliter levels in human blood plasma or serum and extremely low-abundance proteins in cells or tissues. Without sample prefractionation, liquid chromatography (LC)-SRM measurements have been limited to only moderately abundant proteins in human plasma present in the low microgram per milliliter range (2, 6, 8) .
More recently, the combination of immunoaffinity depletion and fractionation by strong cation exchange (SCX) chromatography (4, 23) , along with advances in MS sensitivity (24) , has extended SRM quantification of plasma proteins to low nanogram per milliliter levels (4, 23) . SISCAPA (stable isotope standards and capture by anti-peptide antibodies) coupled with SRM demonstrated quantification of target proteins in the same range, using as little as 10 μL of human plasma (8, (25) (26) (27) . SISCAPA assays have some distinct advantages over conventional immunoassays in terms of assay development and specificity, and offer sensitivity for low nanogram per milliliter detection of plasma proteins (8, 10) . However, antibody reagents with sufficient specificity for the target proteins or their surrogate peptides are generally not available, and development of such reagents is expensive and requires a long lead time.
To tackle this challenge, we developed a strategy involving antibody-free PRISM (high-pressure, high-resolution separations with intelligent selection and multiplexing) that effectively enriches target peptides for conventional LC-SRM analysis. Application of the strategy demonstrated greatly reduced background interferences and allowed for high-sensitivity SRM quantification of proteins in human plasma/serum. Herein, we show that this technique can reliably quantify low-abundance proteins at sub-nanogram per milliliter levels in plasma/serum, including prostate-specific antigen (PSA) in clinical serum samples, and with high correlation with results from ELISA.
Results
Sensitivity and Reproducibility of PRISM-SRM Assays. The concept of PRISM is depicted in Fig. 1A . High-resolution reversed-phase capillary LC (cLC) with pH 10 mobile phase is used to separate and fractionate the peptide sample into 96 fractions. High-pH reversed-phase cLC fractionation provides higher resolution and more reproducible separations than widely used SCX, as well as final enriched samples that are compatible with downstream LC-MS analyses without the need for additional cleanup (28) . The approach also addresses a general drawback of fractionation strategies (i.e., the need to analyze many fractions per sample, thus limiting overall analytical throughput) by introducing the concept of intelligent selection (iSelection) and multiplexing of target fractions for subsequent LC-SRM analysis. iSelection of target fractions is accomplished by on-line SRM monitoring of the heavy-isotope-labeled synthetic peptide internal standards during the first-dimension separation. The accurate elution profiles of the internal standards allow precise determination of the locations of target peptides in the 96-well plate, thus allowing the selection of the most informative target fractions for downstream nano-LC-SRM measurements ( Fig. 1 and SI Appendix, Fig. S12 ). While the on-line SRM monitoring is the most accurate strategy for locating the target peptide fractions, it is also practically feasible to use other alternative strategies to pinpoint the target fractions, such as off-line determination of the locations of target fractions and relying on the reproducibility of HPLC to locate target fractions from subsequent experiments. Furthermore, a limited number of target fractions eluted at different times during the first-dimension separation can be multiplexed before nano-LC-SRM ( Fig. 1) to enhance the overall sample throughput. This multiplexing strategy is based on the observation that the high-and low-pH reversed-phase LC are partially orthogonal (28) . Fractions eluted at early, middle, and late retention times have little overlap in their elution profiles of the second-dimension LC separation and, thus, can be effectively combined before LC-SRM (28) .
The sensitivity and reproducibility of PRISM-SRM assays for plasma protein detection were evaluated by comparing SRM signals of surrogate peptides with those obtained in standard LC-SRM analyses of the same samples. IgY14 immunoaffinity depletion was applied as an initial step to remove 14 highabundance plasma proteins (29, 30) . Tryptic digests of four target proteins (bovine carbonic anhydrase, bovine β-lactoglobulin, Escherichia coli β-galactosidase, and PSA) were spiked into IgY14-depleted human female plasma digest (SI Appendix, Fig. S1 ) at protein concentrations ranging from 50 pg/mL to 100 ng/mL.
Following the PRISM workflow (Fig. 1A) , ∼20 μg of plasma digest was loaded onto the cLC column for fractionation, and the eluent was split into two streams (split ratio of flow rates is 1:10). The smaller portion was used for on-line SRM monitoring, and the rest was automatically transferred onto a 96-well plate at a rate of one minute per fraction over a ∼100-min LC separation (Materials and Methods). Following iSelection, a given fraction of interest was either directly analyzed using LC-SRM (Fig. 1B) or multiplexed with other target peptide fractions and then analyzed using LC-SRM. Sample size for direct LC-SRM analysis (Fig. 1B) without PRISM was 1 μg of total peptides. SRM sensitivity was assessed based on limit of detection (LOD) and limit of quantification (LOQ) values (SI Appendix, SI Methods). Fig. 2A depicts extracted ion chromatograms (XICs) of transitions monitored for peptide DFPIANGER derived from bovine carbonic anhydrase at various concentrations with and without application of PRISM. Note that PRISM significantly reduces background interference levels and enhances signal-tonoise ratios (S/N) for analytes at 50 pg/mL and 1 ng/mL levels. LOQ values obtained from the best transition for each surrogate peptide from the four proteins demonstrate that PRISM improves SRM sensitivity by nearly 200-fold for six of the eight peptides (Table 1 and SI Appendix, Tables S2 and S3 ). The other two peptides (DGPLTGTYR and VDEDQPFPAVPK) showed 20-and 5-fold LOQ improvements, respectively, primarily attributable to interference from coeluting species (SI Appendix, Figs. S2.1, S2.2, S6.1, and S6.2).
Because of the partial orthogonality between the first-dimension high-pH and the second-dimension low-pH reversed-phase LC, we anticipated that four to eight fractions from different elution times could be multiplexed (28) without significantly affecting the second-dimension separation (SI Appendix, Fig. S10 ). To test this potential of multiplexing fractions for higher throughput analysis, following iSelection, six fractions including all of the eight target peptides were pooled and concentrated to a final volume of ∼20 μL, i.e., the same volume as an original single fraction. A single LC-SRM analysis for the pooled peptide fractions produced similar SRM signals to those obtained from individual peptide fractions, as reflected by the signals of both the light and heavy peptides at two representative concentration points (50 pg/mL and 1 ng/mL) (Fig. 2B ). Noted exceptions were the two most hydrophobic peptides, VYVEELKPTPEGDLE-ILLQK from bovine β-lactoglobulin and LWSAEIPNLYR from E. coli β-galactosidase, where the SRM signal dropped ∼3-and ∼100-fold, respectively, for pooled samples (SI Appendix, Fig.  S10 ). This drop most likely resulted from hydrophobic peptide losses in pooling and sample lyophilization steps. The loss of hydrophobic peptides may be alleviated by adding isopropanol water mixture rather than water solvent into the 96-well plate.
Alternatively, selection of highly hydrophobic peptides should be avoided during assay development. Fraction multiplexing was further assessed by spiking 42 nonhuman target peptides (21 light and 21 heavy peptides) spiked into a nondepleted human serum sample. All target peptides were spiked at a 5 attomol/μL level (∼ng/mL level of target proteins). Two levels of fraction multiplexing were assessed, with all 96 fractions being concatenated into 12 or 6 final fractions regardless whether a fraction contains target peptides. It was observed that the multiplexing of 96 into 12 fractions still provided similar PRISM-SRM sensitivity for detecting target proteins at the levels close to the LOQ compared with the SRM measurements of each individual peptide fraction (SI Appendix, Fig. S11 and Table S4 ). The sensitivity was significantly reduced when multiplexed into a total of six final fractions because of the increased sample complexity and background interference levels. The general rule of thumb for fraction multiplexing is to combine individual fractions with relative large differences in their LC retention times, so that their elution profiles during the second-dimension LC separation will have minimum overlap. The overall results demonstrated the potential of the iSelection and multiplexing strategy to enhance overall PRISM-SRM throughput, which is comparable to and, in some cases, even better than that of conventional LC-SRM with limited SCX fractionation (4, 23).
The calibration curves of PRISM-SRM assays for the four target proteins demonstrated excellent linearity over the concentration range of 50 pg/mL to 100 ng/mL (Fig. 2C and SI Appendix, Figs. S2-S9 ). The reproducibility of PRISM-SRM is significantly better than that of regular SRM based on the coefficient of variation (CV) values from triplicate measurements, most likely because of improved S/N (SI Appendix, Tables S2 and  S3 ). PRISM-SRM reproducibility was further evaluated by analyzing three processing replicates (1 ng/mL for each target protein in IgY14-depleted plasma). The average CV across all of the processing replicates was 5.5%, which illustrates the high precision for quantifying low-abundance proteins in human plasma (SI Appendix, Table S3 ).
Although SRM assays do not provide accurate absolute quantification of target protein unless calibrated against protein standards (to account for the issues associated with digestion efficiency and sample losses), the exact amount of light surrogate peptides derived from target proteins can be determined based on the ratio of peak areas of light to heavy peptides (L/H) when heavy synthetic peptides (internal standards) are spiked at known concentrations. These values can be used to estimate target protein concentrations to evaluate the recovery and accuracy of SRM assays (4, 8, 31) . We calculated protein concentrations for the four target proteins based on the L/H area ratio of the best transition. All four proteins except E. coli β-galactosidase displayed a good correlation between calculated and expected protein concentrations with an approximate 1:1 molar ratio ( Fig. 2D and SI Appendix, Table S3 and Fig. S5.4) , which illustrates the high accuracy achievable using PRISM-SRM assays. However, calculated concentrations for E. coli β-galactosidase deviated significantly from expected concentrations below 1 ng/mL, most likely because of substantial background interferences (SI Appendix, Fig. S7.4 and Table S3 ).
Detection of PSA in Female Serum Spiked at the Protein Level. Assay sensitivity was further evaluated by measuring PSA spiked at known concentrations into human female serum before IgY14 depletion at the protein level, which allowed us to account for possible bias introduced by peptide-level spiking. The PSA peptide LSEPAELTDAVK was readily detected in all female serum samples that were spiked with PSA at 50 pg/mL or higher concentrations (Fig. 3) . These results further illustrate the high sensitivity of the PRISM-SRM assay. At 300 pg/mL or higher concentrations, SRM signals for a lower intensity transition (636.8 2+ /846.5 + from LSEPAELTDAVK) were also clearly observed ( Fig. 3A and SI Appendix, Fig. S15 ). To evaluate both reproducibility and protein/peptide recovery, we prepared three processing replicate samples, and each processed sample was analyzed with three technical replicates. The median CV across all concentrations was ∼10%, indicating good reproducibility during sample processing and fractionation (SI Appendix, Table  S6 ). The calibration curve from the best PSA peptide transition demonstrated excellent linearity over a concentration range of 0.3-10.0 ng/mL (Fig. 3B) . However, the surrogate peptide response over the PSA concentrations becomes nonlinear at concentrations <0.3 ng/mL and then reaches a plateau, which can be attributed to background interference in the SRM measurement. This background likely arises from either light-peptide impurities in the heavy-synthetic-peptide standard or endogenous PSA in the female serum.
Having demonstrated the high accuracy of PRISM-SRM for quantifying PSA in female plasma at the peptide level (nearly 1:1 correlation between calculated and expected PSA concentrations) (Fig. 2D ), we were able to estimate PSA recovery during sample processing at the protein level. Protein-level PSA recovery following IgY14 depletion, trypsin digestion, and sample cleanup was ∼13%, which was determined by dividing the L/H area ratio at the protein level by that at the peptide level at a PSA concentration of 10 ng/mL (SI Appendix, SI Methods). This recovery is consistent with the measured recovery of PSA protein in human plasma flowing through an IgY12-depletion column (4) . Using the PSA protein recovery during sample processing and the L/H ratio from the PRISM-SRM measurement, we calculated PSA concentrations at the protein level (SI Appendix, SI Methods); these calculated concentrations, again, correlated well with the expected PSA concentrations (Fig. 3C) . The measured PSA concentrations were further compared with results from ELISA measurements (SI Appendix, Tables S7 and S8). The L/H area ratio correlated well (r 2 = 0.9973) with the PSA concentrations determined by ELISA (SI Appendix, Fig. S15.4 and Table S8 ). These findings illustrate the robustness of the PRISM-SRM assay in terms of high accuracy and precision for quantifying PSA concentrations in serum extending to 50-100 pg/mL. Quantification of PSA in Clinical Serum Samples. The PRISM-SRM assay without IgY14 depletion was applied to quantify PSA levels in a set of serum samples collected from prostate cancer patients. Approximately 2 μL of serum (∼200 μg) from each of the eight patients was directly subjected to trypsin digestion followed by PRISM-SRM. The XICs (SI Appendix, Fig. S18A ) showed that the PRISM-SRM assay without depletion enables quantification of PSA in clinical serum samples down to sub-nanogram per milliliter levels. An excellent correlation was observed between SRM-based assay and ELISA results (Fig. 4A) , which is better than previous reports (23, 27, 32, 33) . The observed correlation is presumably attributable to the high reproducibility and peptide recovery obtained by using the high-pH reversed-phase cLC in the PRISM workflow instead of a SISCAPA assay or SCX fractionation strategy. We note that the slope of the correlation curve between PRISM-SRM and ELISA data were ∼3.55, which suggested that the PRISM-based assay quantifies ∼3 times more PSA than the ELISA (Fig. 4B) . This observed discrepancy between PRISM-SRM and ELISA measurements may be attributed to differential epitope recognition of the various PSA forms, which in the established ELISA depend on antibody affinity for each PSA form (34) (35) (36) (37) , whereas the PRISM-SRM assay measures the total PSA concentration in patient sera. PSA in blood sera can remain free and also can form complexes with other proteins (PSA-ACT, PSA-α 2 M) (35) ; an antibody may not be able to recognize all forms of PSA.
Quantification of Protein Isoforms in a Prostate Cancer Cell Line. One of the key features of LC-SRM is that it can be used to detect and quantify the levels of protein isoforms or mutant proteins in cells, tissues, and biofluids (19) . We attempted to use LC-SRM assay to measure the endogenous levels of two protein isoforms from TMPRSS2-ERG fusion (38, 39) , the full-length prototypical ERG protein and the artificially constructed dETS (lacking the ETS domain) protein, in the Vertebral-Cancer of the Prostate (VCaP) cell line (SI Appendix, Fig. S20 ). Whereas the conventional LC-SRM assay did not provide sufficient sensitivity to confidently detect and quantify either protein isoform, both the commonly shared peptide NTGGAAFIFPNTSVYPEATQR and the ERG-specific peptide FDFHGIAQALQPHPPESSLYK were readily detected and quantified by the PRISM-SRM assays (SI Appendix, Fig. S21 ). However, the SRM signal from the dETS-specific peptide LANPGSGQFHGIAQALQPHPPESSL-YK was not observed, which confirmed that the dETS protein variant was not expressed in the VCaP prostate cancer cell line (and, hence, a good negative control). We note that the L/H area ratio of the SRM signal from the commonly shared peptide was 0.425, much higher than the signal for the ERG-specific peptide (0.113), suggesting that other TMPRSS2-ERG fusion variants are expressed in the VCaP cancer cell line.
Discussion PRISM combined with LC-SRM represents an important advance in detecting very-low-abundance proteins in biofluids and cells without the need for specific affinity reagents. The observed sensitivity is comparable to the best LC-SRM sensitivities reported to date using antibody-based approaches (e.g., SISCAPA) that require much larger starting volumes of plasma (e.g., 1 mL) than with PRISM (∼15 μL) for sub-nanogram per milliliter level detection (8) . We demonstrated that application of PRISM-SRM enabled detection and quantification of sub-nanogram per milliliter levels of PSA in nondepleted patient sera, starting with only ∼2 μL of sample. Furthermore, this approach allowed us to detect and quantify protein isoforms in a cancer cell line, which was not quantifiable with regular SRM. When applied to cell or tissue samples, the demonstrated sensitivity may enable the quantification of low-abundance proteins expressed at a concentration of single-digit protein copies per cell (7) .
A disadvantage of PRISM-SRM relative to SISCAPA is reduced analytical throughput as a result of fractionation. However, even with limited fraction concatenation (Fig. 2B) , moderate throughput (∼50 sample analyses per week depending upon experimental details) can be achieved. For example, when quantifying a relatively large number of proteins (i.e., 100), all 96 fractions may contain target peptides; however, these fractions can still be carefully combined into 12 multiplexed fractions based on peptide elution times to achieve moderate throughput (28) .
Our results demonstrate reliable quantification of target proteins at 50-100 pg/mL concentrations in plasma/serum. The antibody-free and high-sensitivity features of PRISM-SRM make it particularly useful for quantification of low-abundance proteins in biofluids, cells, or tissues in biomarker-preverification and systems-biology studies. Furthermore, PRISM-SRM is relatively simple to implement, requiring only commercially available reagents and instruments. The ability to detect subtle changes in protein abundances and their modifications in clinical specimens by targeting specific protein pathways may be useful for gaining insights into disease biology and developing drug or therapeutic targets.
Methods
Blood Plasma and Serum Depletion. Fourteen high-abundance plasma proteins were depleted from plasma or serum using a Seppro IgY14 LC10 column (Sigma-Aldrich) as described previously (30) , and details are described in SI Appendix, SI Methods.
Protein Digestion and Spike-in Experiments. Protein samples from plasma/ serum and cancer cells were digested with the same protocol. Stocks of 1 μg/ μL each of the four digested target proteins were spiked into the IgY14-depleted peptide mixture to final concentrations of 0, 0.05, 0.1, 0.5, 1, 5, 10, 25, and 100 ng/mL for each protein. A concentration of 2 fmol/μL each heavy peptide standard (SI Appendix, Fig. S1 ) was also added to each sample. For protein-level spike-in experiments, PSA was spiked into female serum to final concentrations of 0, 0.05, 0.1, 0.3, 1, 2.5, 5, and 10 ng/mL before IgY14 depletion (SI Appendix, Fig. S13 ).
SRM Assay Configuration. SRM assays were configured based on experimental tandem MS (MS/MS) data for the peptide mixtures from four target proteins. For each target protein, two unique peptides with the best flyer properties and intense fragmentation patterns were selected with details described in SI Appendix, SI Methods.
High-pH Reversed-Phase cLC Fractionation. Peptide mixtures were separated by high-resolution reversed-phase cLC using a nanoACQUITY UPLC system (Waters) equipped with an autosampler (Fig. 1A) . Following the LC separation, the eluent from the capillary column was split into two flowing streams (1:10 split) via a Tee union. The smaller fraction of eluent was sent at a flow rate of 300 nL/min to a TSQ Quantum Ultra triple quadrupole mass spectrometer (Thermo Scientific) for on-line SRM monitoring of heavy-peptide standards. A large fraction of the column eluent flowing at a rate of 3 μL/ min was automatically deposited every minute onto a 96-well plate. Detailed parameters are described SI Appendix, SI Methods. LC-SRM Analysis. Following iSelection and multiplexing of target peptide fractions, the final fraction of interest was subjected to LC-SRM analysis. All peptide fractions were analyzed using a nanoACQUITY UPLC system coupled on-line to a TSQ Vantage triple quadrupole mass spectrometer (Thermo Scientific), with details described in SI Appendix, SI Methods. Briefly, solvents consisted of 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in 90% acetonitrile (vol/vol, mobile phase B). Peptide separations were performed at a flow rate of 400 nL/min, using an ACQUITY UPLC BEH 1.7-μm C18 column (75 μm internal diameter × 25 cm; Waters).
Data Analysis. SRM data acquired on the TSQ Vantage were analyzed using Xcalibur 2.0.7 (Thermo Scientific). The two most abundant transitions for each peptide were used for quantification (SI Appendix, Table S1 ). The RAW data from TSQ Vantage were loaded into Skyline software (15) to create high-resolution figures of XICs of multiple transitions monitored for target proteins. Detailed criteria for peak detection and integration and LOD and LOQ determination were described in SI Appendix, SI Methods.
